Recently gamma (γ)-ray emission measurements have been performed for the first time in trace tritium experiments in the Joint European Torus (JET) [V. G. Kiptily, et al, Phys. Rev. Lett. 2004].
(1.7-3.5MeV) and intrinsic beryllium (Be) impurity, is a new and advantageous development of these experiments [23, 24] . The previous analysis of the decay of the γ-ray emission showed that its decay time is in agreement with the α-particle and tritium slowing down time in the H-mode plasmas with monotonic q-profiles and high plasma currents [24] . The faster decay of the γ-ray emission was observed at low currents and in current hole discharges, indicating that the α-particle confinement in these discharges is worse than the prediction based on classical losses [24] . A lower confinement of α-particles than the classical one has been observed also on TFTR at low plasma currents [3] and in the presence of MHD activity [6] .
In the analysis mentioned above [24] the characteristic time of the a-particle production and their confinement time have not been clearly distinguished. It was not clear whether the decay time of the γ-ray emission in experiments with tritium Neutral Beam Injection (NBI) can be used for the estimation of the α-particle confinement or it characterises mainly the decay of tritium after the puff, i.e. the evolution of the α-particle source. In a later case, another important question is whether it would be possible to perform deuterium-tritium experiments in the JET operational domain where the information about the losses of fast alphas could be obtained with present time resolution of γ-ray emission measurements (250ms).
The α-particle behaviour in different trace tritium scenarios is examined here with the goal of answering these questions. This analysis starts with H-mode discharges with tritium NBI where the γ-ray emission measurements have been performed [24] . It will be shown that the decay time of the γ-ray emission in these discharges correlates with the 14MeV neutron decay time characterising the evolution of the α-particle source. For more detailed comparison with the data the evolution of fast α-particles with energy above 1.7MeV producing the measured γ-ray spectra is analysed numerically in these scenarios using the TRANSP code [25] and assuming classical α-particle loss mechanisms (collisions and orbit losses). It is shown that only the early and very short post-NBI phase (~150-200ms) gives information about the α-particle confinement time while the later phase is fully determined by the evolution of the α-particle source. The time resolution of present γ-ray emission measurements is not sufficient to study the early post-NBI phase. The later decay of the γ-ray emission with the characteristic decay time of the α-particle source indicates that the α-particle confinement time does not exceed the source (or γ-ray emission) decay time. Using the measured γ-ray emission decay time as an upper estimate of the α-particle confinement time, it is shown that this upper estimate is larger than the α-particle slowing down time in these discharges which makes uncertain the estimation of additional (e.g., MHD-induced) losses. As a next step, predictive simulations of the evolution of fast α-particles are performed in the scenarios with a single tritium gas puff in a broad density range with the goal of finding the experimental conditions where the α-particle source and confinement can be clearly separated. The advantage of using the tritium gas puff experiments for this study is an accurate estimation of the tritium evolution [17] , which enables a reliable estimation of the α-particle source. The predictive simulations of fast a-particles in the tritium gas puff experiments performed here show that the effects of the a-particle losses and production on the evolution of the γ-ray emission can be clearly distinguished in high density plasmas.
The paper is organised as follows. The experimental conditions for a number of discharges where the decay times of γ-ray emission have been measured are given in Section II and the comparison of the measured decay time and α-particle slowing down and production is discussed there. Section III contains a description of the analysis method. The TRANSP simulations of the fast α-particle evolution in tritium beam blip discharges are presented in Section IV. The analysis of the α-particle behaviour in discharges where tritium gas puffs were performed at different plasma density, are given in Section V.
Section VI contains a brief summary of these results.
DECAY OF γ γ γ γ γ-RAY EMISSION AFTER THE TRITIUM BEAM INJECTION IN PLASMAS WITH DIFFERENT DENSITY
The γ-ray spectra have been measured in a number of H-mode plasmas with monotonic q-profile at different plasma density, heating power, plasma current and magnetic field and where tritium beam injection, with a duration 250-300ms, has been applied during the deuterium NBI heating phase. The parameters of these discharges are given in Table I . The tritium beams were injected both on and off the magnetic axis in the vertical dimension. For each discharge the decay of the intensity of the 4.44MeV γ-rays from the reaction 9 Be(α,nγ) 12 C has been measured after the tritium beam blip with 250 ms time resolution using a high-efficiency γ-ray spectrometer [24] . The typical scenarios of the discharges performed at 2.25T, 2MA, different plasma density and heating power are shown in Fig.1 as well as the measured intensity of the γ-ray emission. The decay time of the γ-ray emission after the beam blip in these and other discharges has been determined by applying the exponential fit exp(-t/τ γ ).
The decay time of the γ-ray emission t g depends on the evolution of the α-particle production rate or/and their confinement. Assuming classical losses of the α-particles the attempt to distinguish between these two processes using measured data is made by comparing the correlation of the γ-ray emission decay with the decay time of the α-particle source (Fig.2 , top) and with their slowing down time (Fig.2, bottom) for discharges which are given in Table I . The decay of the a-particle source can be estimated from the decay of the 14MeV neutrons born in the same Deuterium-Tritium (DT) reaction.
The reduction of the DT neutron yield after the tritium pulse occurs with two characteristic times. As will be shown later, the fast reduction within the first few tens of milliseconds is caused by the thermalisation of fast tritons while the following slow decay is determined by the confinement of thermal tritium in plasma. The correlation between the γ-ray emission decay with this second slow decay of the DT neutron yield is illustrated on the top panel on Fig.2 . As one can see from this figure, the γ-ray emission decay time is comparable with the slow decay time of the α-particle source in the low field and low current discharges (circles) while the discharges performed at high magnetic field, plasma current and density (squares) show a lower γ-ray decay time. However, the decay of the γ-ray emission is rather fast in these discharges (250ms or less) and may not be fully resolved with present γ-emission diagnostics.
The slowing down time of the α-particles until they reach the energy of bulk ions has been calculated by using the TRANSP code as will be described in the next Section. Then, the slowing down time till 1.7MeV (which is the low energy limit of fast alphas producing measured γ-ray emission) was roughly estimated as one third of this time [26] . This time is found to be smaller than the g-ray emission decay time as shown in Fig.2 (bottom) .
In what follows, two discharges performed at 2.25T and 2MA with low (Pulse No: 61048) and medium (Pulse No: 61044) density are selected for more detailed analysis with the TRANSP code.
The objective of these simulations is the comparison of the evolution of fast α-particles with energy above 1.7MeV, which contribute to the measured γ-ray spectra, and the evolution of the α-particle source with the experimental decay time of the γ-ray emission. Such a comparison could show whether the decay time of the γ-ray emission contains the information about the a-particle confinement.
PLASMA MODEL
Simulations of the a-particle evolution in two JET discharges have been performed with the transport analysis code TRANSP using the experimental density, electron and ion temperature profiles. The electron temperature and density in these discharges have been measured using Thomson scattering diagnostics with 250 ms time resolution. The Charge-eXchange (CX) diagnostics with 50ms time resolution have been used to determine the profiles of ion temperature. The plasma equilibrium was calculated by TRANSP taking the plasma boundary from the EFIT code [27] . The poloidal field diffusion equation is also solved by TRANSP using the neoclassical current conductivity and the bootstrap current calculated by the NCLASS code [28] .
The temporal evolution of the four-dimensional distribution function of fusion α-particles f α (x, θ, E, v // /v) (here x is square root of normalised toroidal flux F, q is the poloidal angle, E is the energy and v // /v is the pitch-angle) is calculated with the two dimensional Monte-Carlo package [29] which takes into account the collisional (slowing down and pitch-angle scattering) and orbit losses. The a-particles are born in the deuterium-tritium reaction which also produces the 14MeV neutrons. The measurements of the total 14MeV neutron yield and the profiles of the neutron emission are used here for the accurate calculations of the tritium evolution and therefore the evolution of α-particle source. These measurements have been performed with the neutron camera along 10 horizontal and 9 vertical chords with 10ms time resolution [30] . 
SIMULATIONS OF A-PARTICLES IN DISCHARGES WITH TRITIUM BEAM BLIP
The temporal evolution of fast a-particles has been calculated by integrating the time-dependent fourdimensional a-particle distribution function over the entire pitch-angle and plasma volume and in the energy range above 1.7 MeV. Two intervals for the time averaging have been used. The more detailed evolution of fast alphas is studied by averaging the distribution function over 50ms while 250ms time averaging is applied to compare the evolution of fast a-particles with the g-ray emission measurements.
The temporal evolution of a-particles averaged over 50ms is shown in Fig.6 together with the waveform of the tritium beam and the evolution of the a-particle source. The different post-NBI behaviour of fast alphas and their source within first 200ms is clearly seen in both discharges, however this time does not exceed the time resolution of the γ-ray emission measurements. Later the decay of the α-particles is close to the decay of their source.
The characteristic times of the α-particles and tritium evolution and the orbit losses of α-particles obtained in the TRANSP simulations shown in Fig.6 are given in Table II. This Table includes the decay times of the a-particle source and total amount of tritium in the discharge, slowing down times of α-particles and tritium beam. The slowing down time of the tritium beam is calculated in TRANSP as the time to slow down to the thermal energy of the background ions while the slowing down time of α-particles to reach 1.7MeV defined in the previous Section is used. The decay time of total tritium content and α-particle source is estimated by fitting the TRANSP calculations with an exponential function. As one can see from Fig.6 the waveform of the α-particle source has two slopes with different decay times. The fast decay of the source is caused by the thermalisation of tritium beam, however it is shorter than the slowing down time of fast tritium ions (Table II) because the cross-section of the DT reaction decreases rapidly with triton energy. After the thermalisation of fast tritons the α-particles are produced mainly in the reaction involving thermal tritium and the characteristic decay time of the α-particle source is indeed close to the tritium (and DT neutron yield) decay time (Table II) model. These cases correspond to long and short blip durations as compared to the time for α-particles to slow down from 3.5MeV to 1.7MeV. The important difference in these two cases is the role of collisions of fast alphas and therefore the approximation applied to the collision operator. In the case of the long blip, the stationary distribution function of α-particles is established at the end of the blip due to the balance between their source and slowing down (if other loss mechanisms are absent).
Since this stationary distribution function has been established the collisional slowing down acts as a loss mechanism removing the fast alphas from the considered energy range. The losses of α-particles can be represented qualitatively as N α /τ α where N α is the total number of fast alphas and τ α is their confinement time determined by their losses both in real and phase space. In the opposite case of a short beam blip, the greater part of the 3.5MeV α-particles continues to slow down to reach 1.7MeV
after the blip and this slowing down can not be considered as a loss of these particles unless their energy is below 1.7MeV [20] . The diffusion of fast alphas in velocity space is important in this case, which requires a more accurate form of the collision operator than a simple τ-approximation [20] . It is evident that the delay between the end of the beam blip and the time when the fast alphas slow down below 1.7MeV leads to the time delay between the end of the blip and the peak of the fast a-particle content as shown in Ref. 20 . A simplified approach for the estimation of the a-particle decay after the short beam blip has been used also in Ref. 22 .
The duration of the beam blip in discharges considered here is 250-300ms. The TRANSP simulations
show that the distribution function has become stationary already 50ms before the end of the blip, i.e.
the beam duration is long enough. Based on this, the evolution of fast a-particles can be qualitatively illustrated by using the following equation:
(1)
Here an exponential decay of the a-particle source after the tritium beam blip with characteristic time τ source is assumed and S α is the source value before the decay. As mentioned above the value τ α accounts for all losses of α-particles including their thermalisation below 1.7MeV, pitch-angle scattering with subsequent escape from the plasma and possible anomalous (MHD induced losses).
The solution of this equation:
includes the combination of two terms with different time scales corresponding to the α-particle confinement time (first term) and the decay time of the α-particle source (second term). Two extreme cases can be considered for a better understanding of the effects of both terms. The standard case used for the estimation of the confinement properties requires a rapid decay of the source with respect to the confinement time, i.e., τ source << τ α . In this case, the a-particle decay at t >> τ source can be described as N α (t) ≈ (1 + S α τ source )exp{-t /τ α } and the evolution of a-particles is determined by their confinement.
In the opposite case of large losses, τ source >> τ α , the a-particle time evolution follows the decay of their source N α ≈ S α τ α exp{-t/t source }. On application to the cases shown in Fig.6 , this simple t-approximation (Eqs.1, 2) gives the following interpretation of measured γ-ray emission. The α-particle source drops very rapidly after the end of the tritium beam blip and the measurements of the γ-ray emission during the first 200ms after the blip (if they were to be available with a time resolution less than 200ms) would provide the information about the α-particle confinement. However, the α-particle source originating from fast tritons is rapidly replaced by the growing contribution from the reaction between thermalised tritium and deuterium beam. This source decays slowly due to the relatively large tritium confinement time. If the α-particle confinement time were to be still much larger than the tritium confinement time, it would nevertheless determine the γ-ray emission decay (see Eq. 2). But the γ-ray decay is in good agreement with the tritium confinement time, indicating that the confinement of alphas should be lower or comparable with the tritium confinement. Thus, the γ-ray emission decay (or thermal tritium confinement) determines the upper estimate for the α-particle confinement. It should be mentioned also that the orbit losses of α-particles (which are mainly first orbit losses) are important for both discharges considered, exceeding 20% (Table II) , and these losses are taken into account in TRANSP simulations.
The comparison of two selected discharges (Fig.6) shows that the time shift between the source and a-particle decay is larger in Pulse No: 61044. This is the result of the longer life-time of fast alphas in this discharge, although this life-time is not necessarily due to smaller anomalous losses, it may be caused by a longer slowing down time (Table II) . To check whether this time shift would
produce a visible contribution to the data measured with 250ms time resolution the evolution of the fast α-particle distribution function averaged over 250ms has been calculated (Fig.7) . Indeed, the post-NBI accumulation of fast α-particles is clearly seen in the histogram obtained in Pulse No:
61044 (Fig.7, bottom) while the concentration of α-particles reduces immediately after the beam blip (during the first 250ms) in Pulse No: 61048 (Fig.7, top) . A qualitatively similar behaviour has been observed in γ-ray measurements (see Fig. 1c and 1d) , although the increase of the γ-ray emission after the beam blip in discharge 61044 is smaller than the α-particle increase obtained in the simulations and the reduction of the γ-ray emission in discharge 61048 is stronger. However, a quantitative comparison with these data requires the simulations of the γ-ray emission along the chord of measurement.
The measurements of the γ-ray spectra have been performed along a horizontal chord located 5cm below the plasma mid-plane. For a more accurate comparison with the data the profiles of α-particles averaged over 250 ms are shown along the central mid-plane for the first three intervals of averaging for Pulse No's: 61048 and 61044 (Fig.8) . Indeed, the profile of fast α-particles reduces during the first 250 ms after the beam blip in low density plasma, but it strongly increases at medium density, confirming the trend obtained for the volume integrated α-particle content.
Simulated α
α α α α-particle behaviour in discharges with tritium gas puff at different density
The analysis of the discharges with the tritium NBI shows that the confinement of a-particles determines the decay of the γ-ray emission within a very short time interval after the beam blip, which can not be resolved with present γ-ray diagnostics. The possibility of finding better experimental conditions where the effect of the source and confinement of α-particles could be clearly distinguished within the experimentally well resolved time interval is analysed in this section. This analysis is performed for the tritium gas puff experiments. The advantage of this choice is an accurate estimation of tritium evolution in discharges with tritium gas puff by the technique developed in Ref. 17 . This technique allows one to determine the tritium transport coefficients from a least-square minimisation of the difference between the measured and calculated neutron emission profiles. As a result, the source of the a-particles can be accurately estimated.
Discharges with a tritium gas puff into stationary H-mode plasmas with different density have been selected for this study. The parameters of these discharges are given in Table III . The first three discharges in this Table are performed at relatively high plasma current and medium and high density.
The last two discharges represent a density scan since the density is the only varying parameter, but these discharges are performed at lower magnetic field and current than the beam blip discharges.
As mentioned above, the calculation of the α-particle source in these discharges is based on the technique used for the estimation of the thermal tritium transport coefficients (see Ref.17 for details).
The time-dependent tritium profiles obtained with this technique were used in TRANSP as an input for the simulations of the α-particle source. These tritium profiles provides an estimation of the evolution of the 14MeV neutron emission along the 19 chords of measurements of the neutron camera and the total neutron yield with an accuracy characterised by the χ -values for the analysed discharges achieved by using this technique are also given in Table III. The tritium gas puff, evolution of the α-particle source and density of fast α-particles in the energy range 1.7-5MeV integrated over the plasma volume are shown in Fig.9 for the discharges performed at low, medium and high density. The decay time of the tritium and α-particle source, slowing down time of α-particles and their orbit losses in these discharges are compared in Table IV . In contrast to the discharges with the tritium beam injection where the tritium influx due to recycling is negligible as compared to the central tritium NBI source, this recycling becomes important when the tritium gas puff is applied. The balance between the recycling and tritium transport determines the steady-state tritium density established after the decay of puffed tritium. As a consequence the a-particle source also reduces to a non-zero stationary level. For this reason the estimation of the decay time for the tritium and α-particle source in Table IV is made by subtracting their steady-state values from their time-evolving quantities before applying the exponential fit. As found previously [31] the tritium transport is larger at low density which provides a relatively rapid reduction of the a-particle source in Pulse No: 61366. A small time delay between the decay of the source and concentration of fast alphas (Fig.9, top) is found in this discharge (similar to the tritium NBI case (Fig.6) ). Such a time delay is not obtained at medium density where the slowing down of a-particles is faster (Fig.9, middle) . A similar evolution of the source and a-particle decay is observed also in another medium density Pulse No: (61174).
The evolution of the α-particle source and confinement is clearly decoupled at high density (Fig.9, bottom). In this discharge the α-particle source increases until 19.45s and reduces afterwards while the number of fast α-particles in plasma is maintained constant during the subsequent 450ms. The delayed decay of the fast α-particles with respect to the decay of their source is obtained also in another high density discharge performed at higher plasma current where this delay exceeds 500ms (Fig.10 ). This delay can not be explained by a large α-particle confinement time since the slowing down time of α-particles (i.e. the upper estimate of their confinement time occurring in the absence of anomalous losses) is quite small (Table IV) . To understand the reason for this time delay the radial dynamics of the a-particles and tritium in the high density plasma must be analysed.
The analysis of the evolution of fast α-particles at high density is performed for Pulse No: 61138.
As mentioned above, the neutral beam deposition is calculated in the two-dimensional poloidal crosssection that allows one to take into account its poloidal asymmetry. In high density plasmas the deposition of the deuterium beams is strongly off-axis and it has a maximum near the Low Field Side (LFS) (Fig.11) . The thermal plasma species are poloidally symmetric in TRANSP simulations. The tritium density profile evolves from off-axis to on-axis during the tritium penetration from the edge towards the core (Fig.12) . When the peak of the tritium density passes through the region of the
maximum of beam deposition (~19.45s) the total a-particle source shown in Fig.9 (bottom) reaches its maximum value. The profile of the α-particle source is strongly off-axis at this time (Fig.13, top, solid curve) leading to the off-axis fast α-particle profile (Fig.13, bottom, solid curve) . When tritium penetrates further towards the core the α-particle source reduces and becomes more peaked (Fig.13) .
The dynamics of the a-particle source is illustrated also in Fig. 14 , where its deposition is estimated as r source = ∫ S α TRANSP √Φdv/ ∫ S α TRANSP (here S α TRANSP is the α-particle source calculated with TRANSP).
Indeed the source of α-particles moves continuously from the edge towards the mid-radius in high density plasmas while it varies little at low density where the α-particle production starts deeper into the plasma.
The orbit losses of α-particles exhibit a strong variation during the inward displacement of their source. In high density plasma where the source is initially located close to the plasma periphery the orbit losses are very large, reaching 70% (Fig.15) . When the α-particles are born deeper in the core their orbit losses reduce from 70% to 30% (the reduction of the slope on the curve illustrating the lost fraction of α-particles is clearly seen in Fig.15 ) and this prevents an immediate reduction of the α-particle content with the reduction of their source (Fig.9, bottom) . The difference between the α-particle source and their orbit losses is calculated and compared with the evolution of fast α-particles in Fig.16 . A good correlation in time between these quantities is obtained showing that the orbit losses are able to explain the time delay in Fig.9 (bottom) . Indeed, Fig.16 shows that the α-particle evolution is determined by their "effective" source (i.e. by the difference between the born and promptly lost alphas), as might be expected in the case of fast slowing down of α-particles at high density (see Table   IV and Eq.2). It should be mentioned that the orbit losses do not exhibit such a large variation after the tritium puff into the low density plasma where the displacement of the α-particle source is smaller (Fig.14, dashed curve) . Indeed, the time delay between the α-particle source and their content is small in this case (Fig.9, top) . Thus, the time evolving orbit losses of α-particles in plasmas with slow tritium penetration towards the core determines the time delay between the decay of the total number of α-particles and their source at high density. This result opens up the possibility to test the estimation of orbit losses in high density plasmas by measuring the time delay between the peak of the γ-ray emission and DT neutron yield.
SUMMARY
The possibility to study the α-particle confinement by measuring the γ-ray emission decay produced in the reaction between the α-particles and intrinsic beryllium impurities, in discharges with short tritium neutral beam injection into deuterium plasmas, has been examined by simulating the α-particle evolution with the TRANSP code. The simulations of fast a-particles include their classical loss mechanisms only (collisional slowing down below 1.7 MeV and orbit losses), i.e. the lowest estimate of the losses is taken into account. It was found that the a-particle evolution in the short post-NBI phase with fast tritium thermalisation may be determined by their confinement, however the duration of this phase as estimated with the TRANSP code (150-200ms) is comparable with the time resolution v v of the γ-ray emission measurements (250ms). The later decay of fast alphas is in a good agreement with the decay of their source (i.e. with the confinement time of thermal tritium). It was illustrated, by using a simple τ-approximation, that this decay time can be used for an upper estimate of the α-particle confinement, however as this upper estimate is larger than the slowing down time that does not allow one to obtain information about the anomalous α-particle losses. More measurements with better time resolution are required to check the existence of additional losses of α-particles in these scenarios.
Since the information about the α-particle losses obtained in experiments with tritium beam blips is limited, an analysis of the discharges with the tritium gas puffs has been performed, with the goal of finding the conditions where the α-particle source and confinement determined by their classical losses can be clearly distinguished. It is found that the large tritium transport in low density plasmas is still insufficient for the time separation of the α-particle source and confinement. A large difference in the time evolution of the fast α-particles and their source is obtained at high density. This effect is caused by a slow tritium penetration into dense plasmas with a strongly off-axis deuterium beam deposition profile and by a strong variation of α-particle orbit losses during the tritium penetration.
The total α-particle source achieves its peak value when its radial deposition is still off-axis and therefore the orbit losses of α-particles are large. As soon as tritium penetrates deeper into the plasma, moving away from the peak of beam density, the a-particle source reduces, but the orbit losses of α-particles which are now born deeper in the plasma reduce faster. Therefore, the α-particles continue to accumulate in spite of the decrease of their production. The time delay between the decay of the α-particle source (which can be estimated from the peak of the total neutron emission) and the total number of fast α-particles (determined from the γ-ray emission) may be measured in future experiments and used for the validation of the orbit loss models. Such measurements are of particular interest in experiments with enhanced orbit losses due to large-scale MHD activity or magnetic ripples. It should be mentioned that the estimation of the amount of fast a-particles in plasmas with tritium beam injection and gas puffs based on classical losses only shows that this amount is comparable in discharges performed at low density (Pulse No's: 61048 and 61366). In high density plasma (Pulse No: 61477) where the tritium penetration is weaker, the amount of a-particles is reduced by factor 6, but it is still sufficient for reliable γ-ray emission measurements. 
